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Growth of the first few layers of an oxide mixture Ga2O3~Gd2O3! on GaAs ~100! substrate,
electron-beam evaporated from a Ga5Go3O12 source, was found to be a single crystal. Reflection
high-energy electron diffraction and x-ray diffraction studies show that the thin oxide film is
epitaxially grown on GaAs with the surface normal ~110! and in-plane axis @001# parallel to ~100!
and @011# of GaAs, respectively, and has a structure isomorphic to Mn2O3. Studies using
high-resolution transmission electron microscopy on the oxide–GaAs interface indicate some
atomic registry between the oxide and GaAs during the initial growth. The chemical composition of
the oxide film was determined by x-ray photoelectron spectroscopy to be unequivocally pure
Gd2O3. © 2000 American Institute of Physics. @S0003-6951~00!04503-4#Ga2O3~Gd2O3! dielectric films in situ deposited on GaAs
with electron-beam evaporation from a single-crystal
Ga5Gd3O12 ~GGG! source were previously discovered to
passivate GaAs surface effectively.1,2 A low interfacial den-
sity of states (D it) below 1011 cm22 eV21 was demonstrated
on Ga2O3~Gd2O3!–GaAs metal–oxide–semiconductor
~MOS! diodes. Furthermore, using this newly discovered ox-
ide and a conventional implantation technique, enhancement-
mode GaAs metal–oxide–semiconductor field-effect-
transistors ~MOSFETs! were obtained with inversion in both
n- and p-channel configurations.3 Negligible drain current
drift and hysteresis was achieved in depletion-mode GaAs
MOSFETs,4 a significant advance towards the manufacture
of commercially useful GaAs MOSFETs. The attainment of
the new semiconductor devices is made possible because of
the low D it , which is decided at the initial growth of
Ga2O3~Gd2O3! on GaAs. The fundamental cause responsible
for such a remarkably low D it at the Ga2O3~Gd2O3!–GaAs
interface was not clear. Earlier, by studying the systematic
dependence of the dielectric properties of
(Ga2O3)12x(Gd2O3)x on the Gd(x) content, Kwo et al.5
show that pure Ga2O3 does not passivate GaAs and a low D it
was attained in films with x.14%. The results show that
Gd2O3 is needed in the Ga2O3~Gd2O3! dielectric films for
effective passivation of GaAs.
In this letter, we attempt to further understand this inter-
face by studying the structural properties and the chemical
composition of the initial growth using in situ reflection
high-energy electron diffraction ~RHEED!, high-resolution
cross-section transmission electron microscopy ~HRTEM!,
x-ray photoelectron spectroscopy ~XPS!, and x-ray diffrac-
tion. For the MOS diodes with a low D it , we found that the
growth of the first few molecular layers of the oxides on
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e-beam evaporation of GGG source found the inclusion of
gallium oxides in the films, thus forming the mixture of gal-
lium and gadolinium oxides.
All the growth, including GaAs and oxides, was per-
formed in a multichamber system, which includes a solid-
source GaAs based molecular beam epitaxy ~MBE! chamber,
an oxide chamber, and an ultrahigh vacuum ~UHV! transfer
module. Briefly, an epitaxial layer of GaAs was grown in the
MBE chamber, and the wafer was then transferred via the
UHV module to the second chamber for the oxide deposi-
tion. A Ga-stabilized GaAs surface (436) was obtained be-
fore the oxide growth, although an As-stabilized one (2
34) was also used to produce MOS diodes with a low D it .
Substrate temperatures were held between 500 and 570 °C,
while a lower substrate temperature was used in earlier stud-
ies. Four oxide samples were studied in this letter. Samples
A and B were evaporated from GGG with a difference in
thickness ~A 10 Å and B 88 Å!. For comparison, a thin pure
Gd2O3 film ~sample C! was prepared in the same fashion on
GaAs using e-beam evaporation from a pure Gd2O3 powder-
packed source.5,6 Another thin oxide film of Ga2O3~Gd2O3!
~sample D!, in which the content of Ga2O3 is high5 and the
Fermi level is pinned, was also prepared for comparison in
the XPS experiment.
For HRTEM studies, standard techniques have been
used for the preparation of an electron-transparent thin
oxide–GaAs cross-sectional sample.7 A high-resolution lat-
tice imaging technique, employing a Hitachi S-9000 electron
microscope operated at 300 kV, was used to study the
Ga2O3~Gd2O3!–GaAs interface along the @110# direction.
XPS was used to determine the chemical composition of the
thin oxide film. The measurements were carried out on a PHI
5500 system which was equipped with a monochromatic Al
Ka source and a hemispherical electron analyzer. A 45°© 2000 American Institute of Physics
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Downphotoelectron takeoff angle was used for all samples. All
spectra reported here are calibrated to C 1s core level bind-
ing energy at 284.8 eV. With a small incident angle of elec-
tron beams, RHEED is sensitive for the surface structure of
the overlayers, and was therefore used in situ to study the
initial growth of the oxides. The structural properties were
also characterized by x-ray diffraction using a rotating-anode
source equipped with a triple-axis four-circle diffractometer.8
Oxide film thickness was estimated from the width of an
x-ray diffraction peak ~a u–2u scan!. This was possible be-
cause the initial oxide growth happened to be a single crys-
tal. The thickness may also be determined using ellipsometry
and x-ray reflectivity.7
For growth of Ga2O3~Gd2O3! on GaAs with a thickness
over 50 Å, RHEED patterns exhibit the so called ‘‘amor-
phous’’ features in the absence of streaks and rings. Note
that the streaky patterns indicate single crystal or textured
growth and the ring patterns are indicative of a polycrystal-
line growth. However, for the oxide growth of ;10 Å thick,
a streaky RHEED pattern was observed as shown in Fig. 1
~sample A!. This pattern is similar to that of a single crystal
pure Gd2O3 film,6 epitaxially grown on GaAs. X-ray diffrac-
tion studies on sample A revealed the same structure as that
of Gd2O3. The thin oxide film has a structure isomorphic to
Mn2O3 with a surface normal ~110! parallel to ~100! of GaAs
and in-plane axes @001# parallel with @011# of GaAs. The
detailed information on the crystallographic structure of
Gd2O3 was given in Refs. 6 and 9. The oxide in sample A is
thin ;10 Å, as estimated from full width at half maximum
~FWHM! of the Gd2O3 ~440! x-ray diffraction peak. Addi-
tional x-ray scans to confirm that sample A is indeed of
single domain were done by fixing the detector to the lattice
spacing of the ~222! reflection of the oxide, and then rotating
the sample ~f angle! 360° on a cone centered to the surface
normal. Single-domain films were also reported in the previ-
ous work6 of pure Gd2O3. The narrow FWHM of the rocking
curve scan of the peak about the u angle on sample A indi-
cates that the initial oxide growth is coherent and well or-
dered.
Figure 2 shows an HRTEM cross-sectional picture of
sample B ~a film 88 Å in thickness!. A sharp transition from
the substrate ~GaAs! to the oxide was observed. Fourier
transform of the localized lattice imaging yielded the corre-
sponding diffraction pattern, shown in the right hand side of
Fig. 2. A diffraction pattern taken from an area deep into
GaAs has exhibited a sharp intensity profile, indicative of
three-dimensional atomic arrangement. In contrast, when the
Fourier analysis was performed on the area near the oxide–
FIG. 1. In situ RHEED patterns of ~110! Gd2O3 film 10 Å thick along ~a!
@001# and ~b! @1¯10# axes. Note that the surface normal ~110! Gd2O3 film is
in parallel with ~100! GaAs, and the in-plane axes @001# and @1¯10# of Gd2O3
are in parallel with @011# and @011¯ # of a Ga-stabilized GaAs (436), re-
spectively.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liGaAs interface, the only diffraction spots remaining were
those out-of-plane reflections. Long-range in-plane reflec-
tions no longer existed, suggesting the presence of a thin
crystalline oxide layer. A closer examination at the oxide–
GaAs interface indicates some registry ~or epitaxy! between
GaAs and the oxide. The epitaxial growth seems to extend to
;2–3 oxide layers beyond the interface, consistent with the
RHEED data shown in Fig. 1. Finally, no detectable sharp
reflections existed when Fourier transform was performed on
an area just a few monolayers into the top oxide layer, in-
dicative of the amorphous characteristics. This is consistent
with the RHEED observation on sample B at the end of the
oxide growth, which also exhibited an amorphous feature.
However, the reconstructed lattice imaging, after removing
the high-frequency Fourier components, exhibits granular-
like features, which indicates the presence of short-range or-
dering or even microcrystallites on the order of nanometers
in size. It is interesting to observe a transition from a single
crystal substrate, to an epitaxial, coherent oxide layer, and
then to an amorphous area. The transition occurs within a
few atomic layers.
The chemical composition in the thin film with a thick-
ness no more than 20 Å can best be studied using XPS.
Figure 3 shows Gd 3d5/2 core levels recorded from sample A
and sample C, where sample A was evaporated from the
GGG source and sample C from the Gd2O3 source. Sample C
is a pure Gd2O3 film, which was epitaxially grown on GaAs.
The oxide thickness of sample C was determined by x-ray
reflectivity to be ;45 Å. As a core level energy position is
sensitive to changes in the valence electron charge distribu-
tions induced different chemical bond formation. XPS has
been widely used to determine the chemical bonding nature
of an element in different compounds. In the current case,
XPS data obtained from both samples show that Gd 3d5/2
core levels have the same binding energy at about 1186.8
eV. This indicated that the Gd in both samples A and C have
the same chemical structure. In order to substantiate the con-
clusion, we also measured O 1s core level. Figure 4 com-
pares the O 1s spectra recorded from these two samples.
Two O 1s peaks were clearly identified, one with binding
energy at about 531.5 eV and another at about 528.5 eV. The
peak at about 531.5 eV is commonly observed for practically
all ex situ surfaces ~i.e., the oxide surfaces, which were ex-
FIG. 2. High-resolution TEM picture on a cross section of a
Ga2O3~Gd2O3!–GaAs heterostructure. Note that the atomic registry between
the oxide and GaAs seems to indicate an epitaxial relationship between the
two components with vastly different crystallographic structures.cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downposed to air! and is generally produced by surface contami-
nants and a mixture of Ga and As oxides. The second peak at
about 528.5 eV is explained as due to O bonded to Gd. The
relative intensity of this peak is related to the film thickness.
From its large negative chemical shift, we also conclude that
O has gained a substantial amount of electron by forming
bond with Gd in the crystalline Gd2O3 structure, i.e., the
electronegativity of Gd is less than that of Ga and As, and is
much less than that of O. The O–Gd bond in the crystal
Gd2O3 is very different from that in the Ga2O3~Gd2O3!. Fig-
ure 4 also shows an O 1s spectrum from such a mixed oxide
~sample D!, which contains both gallium– and
gadolinium–oxide,5 as evidenced from XPS and Auger
analysis.
As 3d and Ga 3d core levels were also studied.10 By
collecting the data at a 45° photoelectron takeoff angle, all
known Ga and As oxide peaks have not been observed on
GaAs ~100! surfaces covered by Gd2O3 films with a thick-
FIG. 4. O 1s spectra recorded from samples A ~solid line!, C ~dashed line!,
and D ~dotted line!, where sample D contains both Ga– and Gd–oxides.
Two O 1s peaks in samples A and C were clearly identified.
FIG. 3. Gd 3d5/2 core levels recorded from sample A ~solid line! and sample
C ~dashed line!, where sample A was evaporated from GGG and sample C
from Gd2O3.loaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to AIP liness as thin as 1 nm. A very tiny amount ~less than one
monolayer! of Ga2O3 and As2O3, however, has been detected
on the surface by XPS measurement at an extremely low
photoelectron takeoff angle ~;10°!. It is not clear if these As
and Ga oxides are produced by surface contamination or by
As and Ga diffusion through the Gd2O3 film during growth.
From the results shown above, the initial growth of
Ga2O3~Gd2O3! on GaAs at the substrate temperature of
550 °C contains only Gd2O3, despite the fact that incoming
fluxes consist of various other species such as oxygen,
Ga2O3, and/or clusters of Ga– and Gd–oxide mixture.
Chemical bonding ~including relative chemical reactivities!
among O, Gd, Ga, and As, and Gibbs free energies of all the
involved compounds are critical and should be considered in
understanding why only Gd2O3, but not Gd2O3 is bonded to
the GaAs surface. Based on O 1s core level data shown in
Fig. 4, we discovered that, as compared with Ga and As, Gd
is extremely electropositive and is much more reactive in
forming compounds with electronegative species such as
oxygen. The occurrence of epitaxy between Gd2O3 and
GaAs may also preclude the incorporation of Ga2O3 at the
initial growth. Once the Gd2O3 /GaAs interface is formed,
the competition for oxygen is significantly reduced and thus
inclusion of Ga2O3 becomes possible, resulting in an oxide
mixture. Since the mutual solubility between crystalline
phases of Gd2O3 and Ga2O3 is low, we may expect the for-
mation of nanocrystalline in the mixed oxides, with each
small grain consisting of either Gd2O3 or Ga2O3. Indeed, that
is what was observed in Fig. 2.
In conclusion, an oxide template of single crystal Gd2O3
was naturally formed during the initial oxide growth from
e-beam evaporation of GGG. The bonding of Gd2O3 to GaAs
seems to be the reason for achieving the low interfacial den-
sity of states in this oxide–GaAs system. An understanding
of the bonding between Gd2O3 and GaAs will enable us to
search for a new dielectric for GaAs and other semiconduc-
tors, particularly Si.
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